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Abstract 
The kinetic roughening behavior of vicinal Si(OO1) surfaces is studied with scanning tunneling microscopy. By 
analyzing the height-height correlation function of the Si layers that have been grown we found, in the case of 
islands growth, an algebraic roughening behavior with a roughness exponent of 0.68 * 0.05. In the step flow mode, 
however, we found non-algebraic roughening behavior. 
1. Introduction 
Kinetic roughening in growth processes has 
attracted much attention recently [1,2]. This type 
of roughening, which emerges in non-equilibrium 
growth processes, is very interesting for several 
reasons. Firstly, it is of great technological impor- 
tance in the design of surfaces with special rough- 
ness properties. A roughness tuned by the growth 
mode would be the ideal case. In most cases, 
however, one prefers that the surface of the thin 
film is as flat as possible. Secondly, it provides an 
excellent test case for theories of fractal growth, 
dynamic scaling and self-organized criticality in 
non-equilibrium situations. Furthermore, it is ex- 
pected that in many other cases, e.g. the growth 
of tumors, flame fronts and colloid aggregates, 
the same kind of phenomena occurs. 
During the growth process the roughness of 
the surface increases and a self-affine surface is 
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expected to develop [2]. We consider a part of a 
two-dimensional surface of extent L* which is 
initially flat (t = 0). During the growth process 
the surface becomes rougher and rougher. The 
surface can be described by a single-valued func- 
tion h(r, t) which refers to the column height at 
position r and time t. The root-mean-square of 
the height fluctuations a(L, t) is a quantitative 
measure of the surface width and is defined by 
a(L, t) = [(h*(r, t)) - (h(r, t))y*. (1) 
In the absence of any characteristic length or 
time scale, it is expected that initially a(L, t) 
grows with some power of the time t: 
B a(L,t)-t . (2) 
The exponent /3 describes the growth of the 
correlations with time along the growth direction. 
The length L is the maximum spatial extent to 
which the correlations can grow parallel to the 
surface. As soon as the correlations have reached 
this maximum, they are not able to extend any 
further, and the width a(L, t) saturates at a 
constant value. The surface is scale invariant and 
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the saturation value of u is expected to obey a 
power law dependence on L, 
a(L, t) N L”. (3) 
The dependence of u on t and L given above 
can be rewritten in the form of one simple equa- 
tion representing the dynamic scaling behavior 
[31: 
(4) 
where LY//~ is the dynamic scaling exponent and 
f(x) the scaling function defined as 
Numerical simulations of the Eden model and 
the ballistic deposition model have shown that 
the width indeed obeys the scaling relation of Eq. 
(4) 12,3l. 
An alternative way to describe the scaling be- 
havior is given by the height-height correlation 
function. The height-height correlation function 
is defined as 
G(F, t) = (1 h( F’, t’) - h( F’ + r, t + t’) 1 2)1’2. 
(6) 
G(r, t) scales in the same way as the width ex- 
cept that L has to be replaced by r: 
G(r, t) araf $ , 
i i 
(7) 
with f(x) analoguous to Eq. (5). The scaling 
behavior of the surface has been extensively stud- 
ied for a number of growth models trying to 
verify the scaling relations of Eqs. 4 and (7) and 
to determine the exponents cy and p. 
It is convenient to treat the problem of the 
time evolution of a growing surface in the contin- 
uum limit. Kardar, Parisi and Zhang [4] proposed 
the following non-linear Langevin equation in 
order to describe the growth process: 
ah 
z =vV’h+h(Vh)‘+q(F, t). (8) 
This equation is known as the KPZ equation [4]. 
The first term on the right-hand side describes 
surface relaxation and the second one refers to 
the lowest-order non-linear term that can appear 
in the interface growth equation. Finally, the last 
term is a Gaussian random variable which mimics 
the local variations in the deposition rate. 
In the trivial case v = A = 0, the KPZ equation 
describes a simple uncorrelated random deposi- 
tion model in which no spatial correlations are 
present. The only relevant correlations in the 
height fluctuations of the surface emerge in the 
time dependence (j? = l/2). 
For h = 0, the KPZ equation describes a ran- 
dom deposition process with finite surface diffu- 
sion and can be solved exactly leading to the 
scaling exponent /3 = (3 - d)/4 and CY = (3 --- d)/ 
2 below a critical dimension d, = 2 -t- I. In d = 1 
+ 1 dimensions, the result (Y = l/2 and p = l/4 
is found [5,6]. 
In the most general case A # 0 and v # 0, the 
KPZ equation has only been solved in n = 1 -t- 1 
leading to a! = l/2 and /3 = l/3 [4]. These values 
are in agreement with the Eden model [7-91 and 
the ballistic deposition model [lo-121. In 2 + 1 
dimensions, however, the KPZ equation cannot 
be treated by renormalization-group techniques 
and has to be solved numerically. Recent numeri- 
cal solution of the KPZ equation 1131 gives the 
following results for the exponents: p = 0.25 and 
(Y = 0.39, respectively. These exponents are close 
to the values obtained in the restricted solid-on- 
solid model [14-161 but not in agreement with 
the Eden and the ballistic deposition model. 
Recently, an anisotropic generalization of the 
KPZ equation has been proposed fI7]. In this 
model it is suggested that, in the case of growth 
processes on a vicinal surface, algebraic scaling 
behavior as defined in Eq. (4) will only be found 
for layers grown in the island formation mode. 
Furthermore, a morphological transition to loga- 
rithmic roughness is predicted in the case of step 
flow growth [17]. In this anisotropic KPZ equa- 
tion a growth rate depending on the step density 
was necessary to explain the above-described 
morphological transition. Desorption of atoms 
during molecular beam epitaxy (MBE) is, how- 
ever, a very unlikely phenomenon even for a low 
step density, i.e. very flat surfaces. 
The aim of our e~erimental study was to 
determine whether there is a distinct difference 
in roughening behavior between the island growth 
mode and the step flow mode. The STM, which 
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turns out to be a proper technique to character- 
ize rough surfaces [18-211, was used for analyzing 
Si(oO1) surfaces grown in island formation and 
step flow mode. 
The Si(OO1) surface reconstructs by forming 
dimers that are arranged in parallel rows. The 
dimer rows can be oriented along two possible 
perpendicular directions, depending on the plane 
where the crystal is cut. A slight misorientation 
(smaller than Z-3”) with respect to the [OOll di- 
rection in the [110] (or [ilO]) direction results in a 
stepped surface with two types of monatomic step 
edges. One type of step edge runs parallel to the 
dimer rows of the upper terrace and is quite 
straight, whereas the other type that runs perpen- 
dicular to the dimer rows of the upper terrace is 
rough, i.e. exhibits many thermally excited kinks 
[22-241. 
In the case of a high deposition rate and low 
substrate temperature most deposited atoms meet 
another adatom and form an island before they 
reach a step edge. This island continues to grow 
when its size is greater than the size of a stable 
nucleus (in the case of Si(OO1) the stable nucleus 
is 2 atoms [25]). 
If, however, the deposition rate is low enough 
and/or the substrate temperature is high enough 
the deposited atoms can easily coalesce with a 
step edge before meeting another adatom on the 
terrace. This is the so-called step flow mode, and 
the other growth mode described above is re- 
ferred as island growth mode. 
2. Experimental 
The Si(OO1) samples we have used are 0.15” 
and 0.52” misoriented in the [OOl] direction to- 
wards the [llO] direction giving rise to terrace 
lengths of about 500 and 150 A, respectively. The 
most vicinal samples (0.52” off) were used in the 
case of step flow growth, whereas the others 
(0.15” off) were used in the case of island growth. 
Before loading the samples in the ultra-high vac- 
uum (UHV) chamber with base pressure below 
1 x 10W1* Torr they were ultrasonically rinsed in 
ethanol. The UHV chamber was equipped with 
an Auger apparatus (~lindrical mirror analyzer) 
and a home-built Si evaporator described else- 
where (see Ref. [26]). Prior to the cleaning of the 
Si sample, the sample and holder were outgassed 
at 800-900 K for several hours. The Si samples 
were cleaned inside the W-IV chamber by re- 
peated cycles of ion bombardment (Ar ions, 800 
eV) and annealing at 1100 K. This cleaning pro- 
cedure resulted in atomically clean Si(OO1)2 X 1 
surfaces [27]. The scanning tunneling microscopy 
(STM) measurements were performed in air after 
the growth processes and rapid quenching to 
room temperature with a home-built STM. It 
must be noted, however, that the fact that these 
experiments were performed “after the event” on 
quenched surfaces in air does not seem to influ- 
ence the roughness of the substrate [20]. 
Images of 200 by 160 points, covering areas 
ranging form 21 by 17 nm2 up to 1068 by 854 
nm2, were obtained at typical tunnel currents of 
l-3 nA and sample biases of l-2 V. For vicinal 
Si(OO1) surfaces with a misorientation of 0.5” to- 
wards Ill01 it has been shown 128,291 that at a 
deposition rate of a few monolayers per minute 
and a substrate temperature of about 750 K epi- 
taxial growth proceeds initially via preferential 
step flow growth of the rough B-type step edge, 
leading to the formation of a single-domain sur- 
face. During continued growth under the same 
conditions island growth also begins to play a 
role, however, step flow is still the dominant 
growth mode [29]. At higher substrate tempera- 
tures it is reasonable to assume that the island 
growth will even be more suppressed. 
In order to grow Si layers in the step flow 
mode as well as in the island formation mode we 
have selected two si~i~c~tly different growth 
conditions: 
- For the Si layers grown (on 0.15” off Si(OO1)) in 
the island formation regime a substrate tempera- 
ture of 600 K, a deposition rate of about 30 
monolayers per minute and a total deposited 
amount of approximately 3000 monolayers were 
selected. 
- For the second samples which were grown in 
the step flow mode (on a 0.52” off Si(OO1) sub- 
strate) these parameters were respectively: a sub- 
strate temperature of about 950 K, a deposition 
rate of about 10 monolayers per minute and a 
r ~~~ 
total deposite 
monolayers. 
3. Results and discussion 
The height- height correlation function, see Eq. 
(61, is used fol ” analyzing the STM images. For a 
d amount of approximately 1000 fixed time t the height-height correlation fun 
tion depends only on Y and is then defined 
[1,21: 
G(r, t) = (Ih(r+r’, t) -h(r’, f)}‘). (’ 
if the scaling behavior as proposed in Eq. (7) is 
:c- 
as 
‘,) 
Fig. I. (a) STM image (570 nm x 460 nm) of vicinal Si(OO1) after growing in the island growth mode. The sample bias was 2 V. (bf 
STM image (420 nm X 350 nm) of vicinal Si(OO1) after growing in the step flow mode. The sample bias was 2 V. 
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satisfied the as~ptotic behavior of G(r, t) for a 
fixed growth time can easily be derived: 
For a fixed time t, G(r, t) increases as rza (for 
small r). The spread of the fluctuations in the 
direction parallel to the SXOOl) surface is charac- 
terized by the correlation length 5. This shows 
how far the effect of a perturbation can get after 
some time 1 (growth time) along the surface. For 
r values which go beyond ( the height-height 
correlation saturated at constant value. 
The STM images of the samples grown in step 
flow and island formation modes are shown in 
Fig. 1. The surface of the sample grown in the 
step flow mode is relative smooth as compared to 
the film grown in the island fo~ation mode. 
From these STM images the height-height corre- 
lation is calculated using a grid of 200 (fast scan 
direction) by 160 points. The tilt of the images is 
removed by fitting a plane through the data using 
the least-squares method and subtracting this 
plane from the data. The height-height correla- 
tion function is calculated only in the fast scan 
direction for r values smaller than r = L/2. A 
log-log plot of the height-height correlation 
function calculated from the STM images of Fig. 
1 is shown in Fig. 2. The height-height correla- 
tion function for the sample grown in the step 
flow mode (squares) behaves as was described by 
Eq. (10). It shows a linear increase for small r 
and saturates to a constant value at large T. To 
determine the exponent a! a best fit is made 
through the values in the algebraic regime. To 
decrease the error, LY is calculated for 50 STM 
images taken on different places of the sample 
and the values are averaged resulting in LY = 0.68 
f 0.05. 
For films grown in the step flow mode we did 
not find the algebraic roughness regime but in- 
stead we found a more logarithmic-like behavior 
(logarithmic behavior is only observed over one 
decade). From Fig. 2, it is obvious that the behav- 
ior of the sample grown in the step flow mode is 
not algebraic and significantly different from the 
behavior shown in the island growth mode. Thus 
1 10 100 1000 
r mm1 
Fig. 2. Log-log plot of the height-height correlation function 
G(r, t) versus r. Squares: island growth mode; circles: step 
flow mode. 
films grown in step flow mode show no scaling 
behavior and are not self-affine. 
As already mentioned before our experimental 
results are in qualitative agreement with the the- 
oretical predictions of Wolf [17]. Wolf showed 
that the description of growth at vicinal surfaces 
leads to an anisotropic generalization of the KPZ 
equation. With the aid of dynamical renormaliza- 
tion he found a sharp mo~hological transition 
from algebraic roughness in the island growth 
mode to logarithmic roughness in the step flow 
mode. 
In the description of Wolf, however, a growth 
velocity depending on the miscut angle was nec- 
essary for the occurrence of this morphological 
transition. In our case such a growth velocity 
depending on the vicinality (a desorption rate 
depending on the miscut angle) is very unlikely 
due to the relative low substrate temperature. 
Without any assumptions we therefore specu- 
late that the morphological transition between 
island growth and step flow has his origin in the 
dimension of the system. Island growth occurs in 
a two-dimensional regime Cd = 2 + 11, whereas 
step flow can be regarded as an effective one-di- 
mensional (d = 1 + 1) growth system. 
In a recent experimental STM study of step 
flow growth on vicinal Si(OO1I Wu et al. 1301 
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presented clear evidence for scaling behavior in 
d = 1 + 1 dimensions. The roughness and dynam- 
ical scaling exponents extracted by them are even 
in good agreement with predictions of a simple 
ballistic aggregation model in d = 1 + 1 dimen- 
sions. 
[4] M. Kardar, G. Parisi and Y. Zhang, Phys. Rev. Lett. 56 
(1986) 889. 
[S] S.F. Edwards and D.R. Wilkinson, Proc. R. Sot. London 
A 381 (1982) 17. 
[6] F. Family, J. Phys. A: Math. Nucl. Gen. 19 (1986) L441. 
[7] R. Jullien and R. Botet, J. Phys. A: Math. Nucl. Gen. IX 
(198% 2279. 
[8] J.G. Zabolitzky and D. Stauffer. Phys. Rev. A 34 (1986) 
1523. 
4. Concluding remarks 
[9] J. Kertesz and D.E. Wolf, J. Phys. A: Math. Nucl. Gen. 
21 (1988) 747. 
In summary, a transition from algebraic rough- 
ness in the island growth mode to a non-algebraic 
behavior in the step flow mode is found in the 
case of homoepitaxial growth on vicinal Si(OO1). 
For the island growth mode an algebraic 
roughness regime is observed which saturates at a 
constant value for large r. The roughness expo- 
nent (Y is estimated to be 0.68 + 0.05. This value 
is not in agreement with predictions based on 
numerical simulations of the Eden model [6-81, 
the ballistic deposition model [9-l 11 or the KPZ 
equation [4,12]. 
[lo] P. Meakin, P. Ramantal. L.M. Sander and R.C. Ball, 
Phys. Rev. A 34 (1986) 5091. 
[ll] P. Meakin and R. Jullien, J. Phys. 48 (1987) 1651. 
[12] R. Jullien and P. Meakin, Europhys. Lett. 4 (1987) 1385. 
[13] J.G. Amar and F. Family. Phys. Rev. A 41 (1990) 3399. 
[14] J.M. Kim and J.M. Kosterlitz, Phys. Rev. Lett. 62 (1989) 
2289. 
[15] J.M. Kim, J.M. Kosterlitz and T. Ala-Nissila, J. Phys. A 
24 (1991) 5569. 
[16] B.M. Forrest and L.-H. Tang, Phys. Rev. Lett. 64 (1990) 
1405. 
[17] D.E. Wolf, Phys. Rev. Lett. 67 (1901) 1783. 
[18] M.W. Mitchell and D.A. Bonnel, J. Mater. Res. 5 (1990) 
2244. 
[19] E.A. Eklund, R. Bruinsma and J. Rudnick, Phys. Rev. 
Lett. 67 (1991) 175’). 
For the surface grown in the step flow mode 
we find a non-algebraic roughening behavior. We 
speculate that these observations can be under- 
stood by a difference in dimension: island growth 
is growth in d = 2 + 1 dimensions, whereas step 
flow growth can be regarded as growth in d = 1 
+ 1 dimensions. 
[20] J. Krim, 1. Heyvaert, C. Van Haesendonck and Y. 
Bruynseraede, Phys. Rev. Lett. 70 (1993) 57. 
[21] H. You, R.P. Chiarello, H.K. Krim and K.G. Vander- 
voort, Phys. Rev. Lett. 70 (1993) 2900. 
[22] B.S. Swartzentruber, Y.-W. MO, R. Kariotis, M.G. La- 
gaily and M.B. Webb, Phys. Rev. Lett. 65 (1990) 1913. 
[23] H.J.W. Zandvliet, H. Wormeester, D.J. Wentink, A. van 
Silfhout and H.B. Elswijk, Phys. Rev. Lett. 70 (1993) 
2122. 
[24] H.J.W. Zandvliet and H.B. Elswijk, Phys. Rev. B 4X 
(1993) 14269. 
Acknowledgement 
One of the authors, H.J.W.Z., thanks Profes- 
sor D.E. Wolf for bringing this problem to his 
attention and for many useful comments and 
suggestions. 
References 
[l] T. Vicsek, Fractal Growth Phenomena (World Scientific, 
Singapore, 1991). 
[25] M.G. Lagally, Y.W. MO, R. Kariotis, B.S. Swartzentruber 
and M.B. Webb, in: Kinetics of Ordening and Growth at 
Surfaces, Ed. M.G. Lagally (Plenum, New York, 1990). 
[26] L.C. Jorritsma et al., to be published. 
[27] H.J.W. Zandvliet, H.B. Elswijk, E.J. van Loenen and 
I.S.T. Tsong, Phys. Rev. B 46 (1992) 7581. 
[28] A.J. Hoeven, J.M. Lenssinck, D. Dijkkamp, E.J. van 
Loenen and J. Dieleman. Phys. Rev. Lett. 63 (1989) 1X30. 
[29] A.J. Hoeven, D. Dijkkamp, J.M. Lenssinck. E.J. van 
Loenen and J. Dieleman. J. Vat. Sci. Technol. A 8 (1990) 
3657: 
See also: A.J. Hoeven, D. Dijkkamp, E.J. van Loenen, 
J.M. Lenssinck and J. Dieleman, J. Vat. Sci. Technol. A 
8 (1990) 207. 
[2] F. Fereydoon and T. Vicsek, Dynamics of Fractal Sur- [30] Private communication with M.G. Lagally, see: F. Wu, 
faces (World Scientific, Singapore, 1991). S.G. Jaloviar, D.E. Savage and M.G. Lagally, Phys. Rev. 
[3] F. Family and T. Vicsek, J. Phys. A 18 (1985) L75. Lett., accepted for publication. 
